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Abstract

The organoindium compounds, Naln(CH Sie 3)n and NaIn(CHiMe ).

MeOC'4OMe, whose formulas indicate indium in the +1 oxidation state,

have been prepared and characterized by elemental analyses, cryoscopic

molecular weight measurements in benzene solution and infrared and iH

NMR spectral data. The novel indium(I) compounds were prepared from

In(CH2Si 3 )and NaH in the appropriate solvent by an apparent reduc-

tive elimination reaction. The nature of the specific indium(I) product

was dependent on the reaction solvent. When either aromatic or hydro-

carbon solvents were used, a hexameric species, [Naln(CH22:e 3)2-, was

formed. The product from dimethoxyethane, [Naln(CH T'M-rMeOC504Me]

exhibited an association which was concentration dependent. Structures

which involve indium-indium bonds are proposed to account for the

observed molecular association as well as the chemical and spectral

properties.
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Introduction

The organometallic derivatives of the main-group metals in lowi

oxidation states provide unique synthetic challenges and opportunities.

Cyclopentadienylindium(I), In(C5H5 ),
1'2 represents the only previously

known organometallic, low oxidation state compound of indium. The

preparative reaction involves the reagents, InCl 3 and NaC 5H5, in ether

solution. The indium(I) product was believed to be formed by the reduc-

tion of In(C5H5 )3 by the cyclopentadienyl anion. 2 Unfortunately, little

more is known about the nature of the apparent reduction reaction. An

X-ray structural study3 of In(C5H5) has shown the compound to exist as

a linear polymer with the cyclopentadienyl ring exhibiting pentahapto

coordination, rather than as a simple sigma bonded organometallic

species.

The initial goal of our synthetic studies in indium chemistry was

the preparation of a kinetically stable, sigma bonded, low oxidation

state compound by a well-defined reduction process. The reductive

elimination reaction is used in transition metal chemistry to prepare

4compounds which have been reduced by units of two, the common oxidation

state difference observed in main-group element chemistry. Thus, our

challenge was to define a set of ligands, reagents and reaction condi-

tions which would lead to a reduction reaction and produce a kinetically

stable indium(1) compound. The chemistry of the hydride derivatives of

the heavier main-group metals suggest the occurrence of facile reduction

reactions at a metallic center.67 Thus, a controlled reduction

reaction of a hydride derivative was considered a possible route to a
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low oxidation state compound provided the organic ligands on the metal

could minimize the availability of associative and dissociative low

energy decomposition pathways for the product. The organic ligands,

CH2SiMe3 and CH(SiMe 3)2, are known to satisfy these requirements.8

Thus, the reactions of In(CH2SiMe 3)3_xClx N = 0, 1, 2) with alkali

metal hydrides were investigated as possible routes to sigma bonded,

organometallic, low oxidation state indium compounds.

In this paper we report the synthesis and characterization of the

indium(I) compounds with the simplest formulas, NaIn(CH 2Sie 3)2 and

NaIn(CH2SiMe 3 )2 MeOC2H4OMe. The nature of the synthetic reaction path,

the unusual properties of these novel compounds and their possible

structures based on available data are discussed. Historically, it is

important to note that these indium(I) compounds were prepared and

characterized prior to the previously reported analogous gallium(1)

derivatives.9 The indium compounds were studied before the gallium

compounds because the low oxidation state is observed to be more readily

prepared and more stable for the heavier members of a periodic Group of

main-group elements.

_ _ _
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Experimental

Materials. All compounds described in this investigation were

extremely oxygen and moisture sensitive and were manipulated in a vacuum

line or a purified nitrogen or argon atmosphere. The solvents were

purified by refluxing with an appropriate drying agent and vacuum

distilled just prior to use. The drying agents for the solvents dimethoxy-

ethane and tetrahydrofuran were sodium-benzophenone ketyl; benzene and

n-hexane were sodium ribbon. The hexane was certified to be free of

alkenes. The alkali-metal hydrides were purchased from Alfa Inorganics

as oil dispersions. The oil was removed by repeated extractions with

dry pentane. Tris((trimethylsilyl)methyl)indium(III), In(CH2$iMe3)3,

was prepared from InCl3 or InI3 by a standard Grignard reaction in

diethylether.
10

Analyses. The new ((trimethylsilyl)methyl)indium(I) compounds were

analyzed for indium by EDTA titration. 11 The percentages of sodium were

determined by standard atomic absorption procedures using a Perkin-Elmer

Model 503 spectrometer. The mol of CH2SiMe3 groups per mol indium was

determined by quantitatively converting the ligand into Si(CH3)4 by

reaction of the organoindium(I) compound with anhydrous HCI in 95%

ethanol. The Si(CH3)4 was separated from all other volatile components

in the reaction mixture by passage through a -78' trap and into a -196*

trap on the vacuum line and weighed. The purity of the Si(CH 3)4 was

confirmed by vapor pressure measurements, I H NMR and infrared spectroscopy.

All analytical data are given in appropriate sections.
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Molecular Weight Studies. Molecular weight measurements were

obtained cryoscopically in benzene by using an instrument similar to

that described by Shriver.12  The molecular weight data are given in

appropriate sections.

Infrared and 1H NMR Spectra. The infrared spectra were recorded in

the range 4000-250 cm-1 by means of a Perkin-Elmer Model 457 spectro-

meter. The spectra were recorded as Nujol mulls using CsI plates. The

absorption intensities were measured by using the method of Durkin,

Glore, and DeHayes.
14

The 1H NMR spectra were recorded at 100 MHz and ambient temperature

by using a Joelco Model MH-100 spectrometer. All chemical shifts (T)

are given in ppm and are referenced to tetramethylsilane as 10.00 ppm.

All spectroscopic data are given in appropriate sections.

Syntheses of NaIn(CH2SiMe 3)2 and NaIn(CH2SiMe3)2 "MeOC2H4OMe. The

low oxidation state compounds, NaIn(CH 2SiMe 3)2 and NaIn(CH 2SiMe 3)2.

MeOC2H4OMe were prepared from In(CH 2SiMe3)3 and NaH in hexane (or

benzene) or dimethoxyethane, respectively. In a typical synthetic

reaction, an argon purged flask charged with 1.81 g (4.83 mmol) of

In(CH2SiMe3 )3 dissolved in 5.0 ml of hexane was equipped with a water

cooled condenser and magnetic stir bar. The NaH (0.486 g; 20.2 mmol)

was added by means of a side-arm dumper and the resultant mixture was

refluxed for 16 hours. Then, the reaction mixture was filtered and

extracted twice with the reaction solvent to remove the indium(1) product

from the excess NaH. Vacuum distillation of the reaction solvent at 25J

left a colorless solid, NaIn(CH2SiMe3)2 (1.398 g, 4.48 mmol, 93.0% yield

___ __ ___ _
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based on In(CH2SiMe3 )3). The tetramethylsilane produced in the preparative

reaction was identified by infrared and NMR data. In order to quantita-

tively measure the Si(CH3)4 produced, a preparative reaction was run in

a sealed tube equipped with a break-seal side arm using toluene as

solvent. The yield of Si(CH 3)4 was 0.956 mol/mol In(CH2SiMe3 )3 consumed.

The product, NaIn(CH 2SiMe3 )2, was completely characterized as described

in a following section.

When dimethoxyethane was used as a reaction solvent, In(CH2SiMe3)3

and NaH were observed to react completely in 16 hrs at room temperature.

The indium(I) product was isolated by filtration from excess Nal,

followed by removal of solvent as previously described. The yield of

product was consistently greater than 90% for every reaction. The

properties of Naln(CH 2SiMe3 )2 -MeOC2H4OMe as described in the following

section were unique in comparison to those of NaIn(CH 2SiMe3 )2 . Success-

ful syntheses of the two indium(I) products were always obtained in

greater than 90% yields. Quantities of In(CH 2SiMe3 )3 varied from 0.2 to

3.0 g and mole ratios of NaH/In(CH2SiMe3 )3 varied from 3.0 to 12.0. The

use of diethylether at reflux as reaction conditions lead to incomplete

reaction. It was not possible to quantitatively separate the indium(I)

product from unreacted In(CH2SiMe3 )3.

Characterization and Properties of NaIn(CH2SiMe3)2 . The product,

NaIn(CH2SiMe3 )2, was completely characterized by available methods. The

compound does not melt upon heating but undergoes a series of irrever-

sible color transitions which are indicative of decompositon: 1300 + 5,

yellow; 165* + 5 orange; 1950 + 5 red; 2400 + 5 black.

___
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Anal. Calcd for Naln(CH2SiMe3)2 : In, 36.9; Na, 7.37; mol CH2SiMe3/mol

In, 2.00. Found: In, 36.4; Na, 7.71; mol CH2SiMe 3/mol In, 1.95.

Typical solvents for Naln(CH 2SiMe3)2 include n-hexane, benzene, methyl-

ene chloride, diethylether and tetrahydrofuran. The compound is

insoluble in cold acetonitrile.

The following cryoscopic molecular weight data were observed for

benzene solutions. Naln(CH 2SiMe3 )2 (formula wt 312): Calcd. molality

monomer, (observed molecular weight), extent of association: 0.205,

(2028), 6.5; 0.171, (2048), 6.6; 0.102, 1767, (5.7). The solubility

of NaIn(CH2SiMe3)2 precluded molecular weight measurements at higher

concentrations. The limitations of the instrument prevented measure-

ments at lower concentrations.

The infrared spectral data are: (Bands due to the mulling agents

have been omitted). Frequency, cm 1 (intensity: s, strong; m, medium,

w, weak; sh, shoulder). 1265(s), 1254(vs), 965(s), 865(vs), 839(vs),

762(s), 735(s), 695(m), 565(m), 480(m), 400(m).

The IH NMR data in benzene solution are: (T (ppm), identity).

9.55, (Me3-Si); 9.83, (CH2-Si); 11.23, (CH2-Si). These lines are

slightly broader than those observed for other trimethylsilylmethyl-

indium(I) and indium(III) 10 compounds.

Characterization and Properties of NaIn(CH 2SiMe3 )2 -MeOC2H4OMe.

The compound, NaIn(CH2SiMe3)2.MeOC2H4OMe had very different properties

in comparison with NaIn(CH2SiMe3 )2 . The colorless compound had a melt-

ing point of 103-I05*. Anal. Calcd for NaIn(CH2SiMe 3)2 "MeOC2H4O0Me: In,

28.6; Na, 5.72; mol CH2SiMe3/mol In, 2.00. Found: In, 28.5; Na,
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5.72; mol CH2SiMe3 /mol In, 2.04. Typical solvents of the compound

include benzene, methylene chloride, diethylether and tetrahydrofuran.

The compound is insoluble in hexane.

The following cryoscopic molecular weight data were observed for

benzene solutions. NaIn(CH 2SiMe3)2 "MeOC2H4OMe (formula weight 402);

Calcd. molality monomer, (observed molecular weight), apparent extent of

association: 0.114, (1220), 3.03; 0.0688, (773), 1.92; 0.0578, (488),

1.21; 0.0480, (412), 1.02; 0.0441 (385), 0.958; 0.0270, (425), 1.06.

The infrared spectral data (cm- I) are: (Bands due to mulling

agents have been omitted). 1245(vs), 1201(w), 1133(m), 1090(s), 1038(w),

1026(w,sh), 932(s), 859(vs), 828(vs), 757(s), 730(m), 682(m), 561(w),

477(m), 435(w,sh).

The 1H NMR chemical shift data in benzene solution are: (T, ppm,

(identity) 9.55 (Me3-Si), 10.22 (CH2-Si). All lines were sharp.

Attempted Reactions of Indium Compounds with Various Alkali-metal

Hydrides. The following reactions were attempted but in all cases the

reagents were recovered unchanged and no products were detected. The

reagents, In(CH2SiMe3)3 and LiH, were combined in refluxing n-hexane (16

hr) and dimethoxyethane (72 hr). Similarly, the indium(I) product,

NaIn(CH2SiMe3 )2 , did not react with NaH in refluxing hexane or dimeth-

oxyethane.

The reactions of KH with In(CH2 SiMe3)3 in benzene at 500 or dimeth-

oxyethane at room temperature were also investigated. In both cases,

Si(CH3)4 was formed but no product, indicative of KIn(CH2SiMe3)2 , could

be isolated. The indium appeared to have been converted into an insoluble
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black solid, possibly finely divided indium metal. It is noteworthy

that KH was also observed to react with NaIn(CH2SiMe3 )2 in hexane for 16

hr at 600 to form a similar insoluble black solid. Unreacted NaIn(CH2SiMe3)2

could not be isolated from the reaction mixture.

The reagents, [In(CH 2SiMe3)2C1] 2 and NaH, reacted at room tempera-

ture to give a noncondensable gas, probably hydrogen, and a similar

insoluble black solid in either diethylether or dimethoxyethane. If

nexane was used as the reaction medium, no reaction was observed. The

[In(CH2SiMe3)2C1]2 was recovered unchanged. Identifiable indium containing

products could not be obtained from the reaction of In(CH2SiMe3)C12 with

NaH in dimethoxyethane.

I
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Results and Discussion

A novel class of organometallic indium(I) compounds as exemplified

by NaIn(CH2SiMe3)2 and NaIn(CH2SiMe3)2"MeOC2 H4OMe have been prepared by

an apparent reductive elimination reaction and fully characterized.

Kinetically stable indium(I) compounds could only be prepared from

In(CH2SiMe3 )3 and NaH in a hydrocarbon solvent (hexane or benzene) or

dimethoxyethane by a stoichiometric reaction as summarized by the

following idealized equation. The preparative reaction

In(CH2SiMe3)3 + NaH so vento NaIn(CH2SiMe3)2 + Si(CH 3 )4

is experimentally attractive. The indium(I) product is soluble in the

reaction solvent and easily separated from the excess insoluble metal

hydride and volatile Si(CH 3)4. Essentially quantitative yields of both

products were obtained in all reactions.

The preparative reaction involves an oxidation-reduction process.

Indium(III) is reduced to indium(I). The tetramethylsilane must be the

product of the oxidation process. Available data are consistent with

the hypothesis that the redox process occurs as a facile non-radical

reductive elimination reaction of an indium(III) hydride intermediate.

A similar reaction scheme supported by analogous data was proposed for

the formation of gallium(I) compounds.9  When NaD was used as a reagent,

In(CH2SiMe3)3 + NaH o NaIn(CH2SiMe3)3H

NaIn(CH2SiMe3)3H Reductive
Elimination Naln(CH2SiMe 3)2 + Si(CH3)4

the deuterium was quantiatively incorporated into the tetramethylsilane

________,1
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as Me3SiCH2D as shown by mass spectral data. There are many experi-

mental observations which suggest that a major factor controlling reac-

tivity in the trimethylsilylmethyl indium system is the ease of forma-

tion of the indium(III) hydride intermediate. The reductive elimination

reaction is probably very facile because no indium hydride intermediates

were ever detected as reaction products. Thus, the relative magnitude

of the lattice energy of the metal hydride and the Lewis acidity of the

indium(III) reactant must be important. The general order of reactivity

of the metal hydrides follows lattice energy, LiH < NaH < KH. Lithium

hydride does not react with In(CH2SiMe3)3 , presumably because the high

lattice energy precludes reaction. The dimer, [In(CH 2SiMe3)2Cl1 2 ,
does not react with NaH in hexane because the indium compound is not a

sufficiently strong Lewis acid to form the hydride intermediate. The

dimer is coordinatively saturated with chlorine bridges and sufficiently

stable that N(CH3)3 does not even form a stable adduct.10  The metal

hydride, KH, with the lowest lattice energy gave surprising results.

The potassium derivative, KIn(CH 2SiMe3)2 could not be prepared. Instead,

a black solid, indicative of finely divided indium metal, and Si(CH3)4

were the final products. These results suggest that KIn(CH2SiMe3 )2,

might be formed but reacts further with excess KH. This hypothesis is

supported by the observation that KH also reacts with NaIn(CH2SiMe3)2 to

form a similar black solid and a non condensable gas, probably hydrogen.

Another possible conclusion is that In(CH2SiMe3) might be a kinetically

unstable species.

The new indium(1) compounds have properties of typical covalent

substances and are soluble in hydrocarbon and aromatic solvents.



The compound, NaIn(CH2SiMe3)2, is a colorless solid at room temperature

but upon heating to about 1300 it starts to undergo a sequence of non-

reversible color changes indicative of decompositon. The cryoscopic

molecular weight data for NaIn(CH2SiMe3)2 in benzene solution indicate

that the compound exists as a hexameric species. Molecular association

of the monomeric units can occur by metal-metal bonds using the available

electron pair and vacant orbital on each indium(I) atom. An alternative

association scheme would require alkyl bridge bonding, which seems less

likely. There are no examples of indium compounds which are associated

14in solution by alkyl bridge bonding and we have no supporting data for

this type of bonding. Thus, metal-metal bonding can be proposed. Simila

metal-metal bonding schemes have been suggested for the dimeric and

trimeric gallium(I) 9 and related dimeric tin(II) 15 compounds. The two

possible arrangements for six NaIn(CH2SiMe3)2 formula units are an

octahedral cluster with In(CH2SiMe 3)2 units at each corner or a twelve

membered ring. The bulky trimethylsilylmethyl groups would provide a

hydrocarbon sheath to minimize intermolecular interactions and enhance

the solubility of the compound in hydrocarbon and aromatic solvents. A

crystallographic study will be required to define the structure.

The 1H NMR spectrum of [NaIn(CH2SiMe3)2]6 in benzene or hexane

solution has three lines, one large line and two smaller lines of eoual

intensity. The most intense line is assigned to the methyl-silicon

protons. The two smaller lines at higher field are related to the

protons of the methylene groups bound to indium. The integrated intensity

ratio of the larger line to the two smaller ones is 9/2 as required by

1-
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the CH2SiMe3 ligand. The two magnetically distinct lines for the

methylene protons could probably arise from the positioning of the

sodium ions about the six of twelve edges of an octahedral cluster.

However, the lack of any unusual infrared lines would rule out Na-HC

interactions.

The indium(I) compound with a bound dimethoxyethane molecule,

NaIn(CH 2SiMe3)2"MeOC2H4OMe, has a distinct and unique set of properties

when compared with [NaIn(CH2SiMe3)2]6 . The compound can be prepared

from In(CH2SiMe3 )3 and NaH in dimethoxyethane, or by adding dimethoxy-

ethane to [NaIn(CH2SiMe3)2 ]6. However, dimethoxyethane cannot be removed

quantitatively from NaIn(CH 2SiMe3 )2 "MeOC2H4OMe to reform the hexameric

species. The colorless dimethoxyethane adduct has a sharp melting point

to a colorless liquid at 103-105'. The crvoscopic molecular weight

study indicates that the molecular species which exist in solution are

concentration dependent. An apparent monomeric species was present in

dilute solution. At the highest concentrations studied, a trimeric

species was indicated. These data suggest that either an equilibrium

between monomer, dimer and trimer exists in solution, or alternatively,

the [NaIn(CH2SiMe3 )2 "MeOC2H4OMe13 trimer remains in tact but with

various numbers of bound dimethoxyethane molecules. It is of interest

to note that neither tetrahydrofuran, diethylether or trimethylamine

react with [NaIn(CH2SiMe3)2)6 to form stable adducts analagous to

NaIn(CH2SiMe3)2 "MeOC2 H4 OMe. The hexamer can be recovered unchanged

after the base is removed. These observations might suggest that the

sodium ion is the reactive site for dimethoxyethane. Similar conclusions
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were reached in the study of NaGa(CH2SiMe3 )2 "MeOC2H4OMe.9 We might also

conclude from our observations of the [NaIn(CH2SiMe3)2)6 -

[NaIn(CH2SiMe3 )2 "MeOC2H40Me1 systems that the hexamer has a measure of

kinetic lability for formation of less associated species.

Acknowledgment. This work was supported in part by the Office of Naval

Research.
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